DDK syndrome is the polar-lethal embryonic death that occurs at the morula-blastocyst transition when female mice of the DDK strain are mated with males from many other inbred strains (so-called alien males). Embryonic death is caused by incompatibility between a DDK oocyte factor and an alien male gene, both of which map to the Om locus on mouse chromosome 11. We compared global transcription patterns of DDK 3 DDK embryos (high viability) and DDK 3 C57BL/6 embryos (low viability) at the morula stage, approximately 24 h before any morphological manifestations of DDK syndrome are observed. Of the transcripts that are differentially more abundant in the DDK 3 C57BL/6 embryos, many are the products of genes induced by the ''unfolded protein response.'' We confirmed by quantitative RT-PCR that a number of genes in this pathway are upregulated in the DDK 3 C57BL/6 embryos. Immunostaining of the endoplasmic reticulum (ER) marker BIP/ GRP78 (immunoglobin-binding protein/glucose-regulated protein of 78 kDa), official symbol HSPA5, heat shock protein 5 revealed an accompanying abnormal HSPA5 accumulation and ER structure in the DDK 3 C57BL/6 embryos. Immunostaining for HERPUD1 (homocysteine-inducible, ER stress-inducible, ubiquitin-like domain member 1) and ATF4 (activating transcription factor 4) also revealed accumulation of these stressresponse products. Our results indicate that the unfolded protein response is induced in embryos destined to die of DDK syndrome and that the embryonic death observed is associated with inability to resolve the associated ER stress.
INTRODUCTION
''DDK syndrome'' is the term used to describe the embryonic death that occurs at the morula-blastocyst transition when female mice of the DDK strain are mated with males from many other inbred strains (''alien'' males) [1] [2] [3] . The syndrome has attracted attention because of the combination of genetic factors and parental-origin effects that are required for embryonic death to occur. The embryos die because of incompatibility between an ooplasmic factor of DDK maternal origin and a paternal non-DDK (alien) gene [4] [5] [6] . Interactions between the ooplasm and the paternal pronucleus affect trophoblast function and blastocyst formation [4, 6] , but the nature of the maternal-paternal factor interaction is unknown.
Several morphological and physiological abnormalities have been characterized in the dying embryos, including reduced gap junctional communication [7, 8] , low intracellular pH [7, 8] , and a tendency for compacted morula to ''decompact'' [3] . However, none of these morphological or physiological features suggests an obvious pathway by which lethality is induced.
The fact that the lethal phenotype is not fully penetrant, varies with a characteristic frequency (depending on the DDK and alien strain combination [3] ), and requires both genetic (i.e., both DDK and alien strain-specific factors) and epigenetic (DDK maternal and alien strain paternal) factors suggests that the phenotype is caused by abnormal regulation of otherwise normal genes. In this context, DDK syndrome is an unusual ''synthetic lethal'' form [9] ; in the context of each inbred strain, the lethal genes/gene products do not cause lethality. Synthetic lethality is explained most frequently as the result of individual gene defects in two parallel redundant pathways (disrupting both) or two defects in genes in a single pathway that are cumulative in their effect, resulting in disruption of the single essential pathway [10] . The DDK syndrome requirement for an epigenetic component (parental origin of the Om gene) suggests that the lethal phenotype, in this case, results from the abnormal regulation and interaction of genetically ''different'' but otherwise ''normal'' gene products.
Both the maternal and paternal genes responsible for DDK syndrome have been mapped to a 700-kb interval on chromosome 11 [11] . The compatible/incompatible paternal phenotype is in complete linkage disequilibrium with two single-nucleotide polymorphisms in the second intron of LOC435271 [11] , a member of the schlafen gene family. Schlafen gene family members affect differentiation in the hematopoeitic lineage in vivo [12] . Schlafen family members also lead to G1 cell cycle arrest through repression of cyclin D1 in vitro [13] , although there are conflicting reports on this point [14] . The paternal gene in the death of DDK syndrome embryos is a member of a gene family about which little is known (the family was first described by Schwartz et al. [12] , and only 13 studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have been published on schlafen family members. There is conflicting evidence about whether the expression of particular members results in cell cycle arrest or cell death; hence, it remains unclear what specific pathway links the schlafen gene family to the lethal phenotype. To discover what specific processes and pathways are altered in embryos destined to die of DDK syndrome, we compared global transcription patterns of DDK 3 DDK embryos (fully viable embryos, hereafter denoted as KK) and DDK 3 C57BL/ 6 embryos (90%-95% of these embryos die, hereafter denoted as KB). We compared the transcriptomes of morphologically normal KB embryos and healthy KK embryos at the morula stage, approximately 24 h before the appearance of any morphological manifestations of DDK syndrome using the mouse Affymetrix MOE430 v2.0 gene chip. We found a group of genes with higher transcript levels in the KB embryos, several of which are involved in the ''unfolded protein response'' (UPR) pathway. By real-time PCR, we confirmed independently that several genes in this pathway are upregulated in the KB embryos. Immunostaining of the endoplasmic reticulum (ER) marker HSPA5, heat shock protein A5 (also known as BIP/GRP78), confirmed abnormal accumulation and structure of the ER in the lethal embryos. Positive immunostaining for HERPUD1 (homocysteine-inducible, ER stressinducible, ubiquitin-like domain member 1) and ATF4 (activating transcription factor 4) further demonstrated accumulation of these stress-response products. Pathway analysis of genes upregulated in KB embryos indicates that LOC435271 may transmit cell death signals through the UPR pathway and result in DDK syndrome embryonic death.
MATERIALS AND METHODS

Mouse Crosses and Collection of Mouse Embryos
The DDK inbred strain was a gift of Charles Babinet (Institute Pasteur, Paris, France) and has been maintained in a specific pathogen-free facility at Temple University Medical School since 1997. C57/BL6 mice were purchased from The Jackson Laboratory. Mice carrying the ''40E'' recombinant chromosome 11 were kindly provided by Fernando Pardo-Manuel de Villena (Carolina Center for Genome Sciences, Chapel Hill, NC). All studies adhered to procedures consistent with the National Research Council Guide for the Care and Use of Laboratory Animals.
All mice are maintained in a constant environment with 12L:12D. Morulastage embryos were collected from 3-to 10-mo-old females after mating within the natural estrous cycle without hormone induction. Two types of embryos were collected: the KK group (DDK female mated with DDK male) and the KB group (DDK female mated with C57/BL6 male). For immunofluorescent staining, 40E mice were used instead of DDK inbred mice. The 40E mice are homozygous for DDK alleles at the Om locus and were used instead of the DDK inbred strain because of greater availability. The reproductive performance of 40E animals, with respect to DDK syndrome, is identical to that of the DDK inbred strain [11, 24] . Mice were checked for copulation plugs each morning, and the embryos were flushed from the reproductive tract on the morning of Day 4 (day of copulation plug denoted as Day 1) using M2 medium (Sigma).
RNA Extraction, Labeling, and Hybridization
For each KK and KB group, three pools of 30 embryos were collected and transferred to 20 ll of extraction buffer (Picopure kit; Molecular Devices). The tube was incubated at 428C for 30 min and then stored at À708C. RNA extraction was performed with the Picopure RNA extraction kit according to the manufacturer's instructions for small sample preparation. For each sample, the mRNA population was reverse transcribed. The cDNA was used for a first round of in vitro transcription, followed by random priming and a second round of reverse transcription and in vitro transcription to achieve a linear amplification (Small Sample Technical Bulletin; Affymetrix), with the following minor modifications: the initial volume for mRNA annealing was raised to 5 ll, and the conditions for reverse transcription were 30 min at 428C, followed by 30 min at 458C to increase the reaction efficiency in guaninecytosine-rich regions of mRNA. The final yield of biotinylated cRNA was 30-80 lg. Twenty micrograms of cRNA per replicate was fragmented and 10 lg hybridized to Affymetrix MOE 430 2.0 Gene Chips, then washed and stained on fluidic stations, and then scanned according to the manufacturer's instructions.
Microarray Data Analysis
Microarray Analysis Suite 5.0 (Affymetrix) was used to quantify microarray signals with default analysis parameters and global scaling to target a mean signal equal to 150 U. The Microarray Analysis Suite 5.0 metric output was loaded into GeneSpring v7 (Silicon Genetics) with per-chip normalization to the 50th percentile and per-gene normalization to the median. To minimize false-positive signals, only genes ''Present'' in at least two of three replicates in one embryo kind/condition were used for further analysis with all statistical packages. The K-means hierarchical clustering of GeneSpring v7 was used to divide the data into groups based on expression patterns and to produce groups with a high degree of similarity within groups and a low degree of similarity between groups. Although the Affymetrix MOE430 v2.0 array interrogates one gene with every probe set, 14.7% of the genes present on the array are represented by more than one probe set. All analyses described were performed using the Affymetrix probe set lists.
The filtered Microarray Analysis Suite 5.0 metrics output was loaded into TIGR-MEV v3.0.3 [25] . The Statistical Analysis of Microarray algorithm [26] was applied to identify genes with significant differences among KB and KK embryos at the 5% false discovery rate.
Fold-changes of expression differences in KB and KK embryos were calculated after Statistical Analysis of Microarray analysis. The resulting lists of differentially expressed genes (Supplemental Table 1 available at www. biolreprod.org) were imported into Expression Analysis Systematic Explorer (EASE, version 2.0) to analyze gene ontology for overrepresentation [27] . EASE is an algorithm designed to analyze a list of candidate genes against a set population (in our case, the list of genes detected on the Gene Chip) and to report a score that is the expression of the likelihood of overrepresentation in the Gene Ontology Consortium (GO) annotation categories for biological process, molecular function, or cellular component. EASE score was calculated for likelihood of overrepresentation of annotation classes, and only GO biological processes with an EASE score of less than 5% are shown. A significant EASE score does not relate to an increased fold-change or overall expression significance but merely a higher than expected number of transcripts falling into a GO annotation category. The filtered list of transcripts overexpressed in KB embryos was further imported into Ingenuity Pathway Analysis (www.ingenuity.com) to detect networks detailing physical association or functional interaction among transcripts falling into different GO annotation categories.
Quantitative mRNA Expression Analysis
For each KK and KB group, three pools of seven morulae were collected. RNA was extracted using the Picopure RNA extraction kit. Reverse DDK SYNDROME transcription and total cDNA amplification by PCR were performed as previously described [28] [29] [30] . The 3 0 termini of the entire mRNA population are amplified quantitatively without altering relative sequence abundance. The RT-PCR method yields highly representative cDNA libraries [28, [31] [32] [33] ]. The amplified cDNA was then analyzed by real-time PCR using LightCycler DNA Master SYBR Green I (Roche Applied Science) according to the manufacturer's protocol. The cDNA was diluted 1:8, and 1 ll of the diluted cDNA was used in each 20-ll PCR reaction using primers listed in Table 1 . The cytochrome c oxidase subunit VII (Cox7c) mRNA was assayed as an internal control to aid quantitation. This mRNA is induced and expressed at a high constitutive level from the eight-cell stage onward [34] and is therefore ideal as an internal standard for embryos collected after the eight-cell stage. All Cox7c probes present on the array detect similar amounts of Cox7c mRNA in both groups of embryos (see Supplemental Table 3 ). The differences in mRNA expression between the KB and KK groups were calculated using the 2 ÀDDCT method [35] .
Immunofluorescent Staining
Embryos at the morula stage were fixed in 4% paraformaldehyde in PBS for 30 min and then washed three times in PBS and permeabilized with PBS-0.05% Triton X-100 for 30 min, followed by incubation in PBS-2% bovine serum albumin for 30 min. To detect HERPUD1 or ATF4 and HSPA5 simultaneously, 0.2 lg/ml of anti-HERPUD1 rabbit antibody (Protein Tech Group) or 2.5 lg/ml of anti-ATF4 rabbit antibody (Lifespan Biosciences), and 10 lg/ml of anti-KDEL mouse monoclonal antibody (Stressgen) were added to embryos for overnight incubation at 48C. After washing three times in 0.01% Triton X-100 and 0.1% Tween-20 in PBS, embryos were incubated for 1 h with both Red-X goat anti-rabbit IgG (HþL) (20lg/ml; Invitrogen) and fluorescein isothiocyanate anti-mouse IgG (HþL) F(ab 0 )2 fragment (10 lg/ml; Kirkegaard & Perry Laboratories). After two washes in 0.01% Triton X-100 and 0.1% Tween-20 in PBS and one wash with PBS, embryos were placed on slides with Citifluor (AF1; Citifluor Products), covered with a coverslip, and sealed with nail polish. Fluorescence was visualized on an inverted Olympus microscope (Olympus America Inc.) equipped with Fluorview confocal laser scanning software (Olympus). The 488-nm (argon) and 568-nm (krypton) wavelengths of the laser were used for the excitation of fluorescein isothiocyanate and propidium iodide fluorescence, respectively. ImageJ software (National Institutes of Health) was used to quantify total embryo fluorescence.
RESULTS
Microarray Analysis
We compared mRNA expression profiles of KK morula-stage embryos with those of KB morula-stage embryos. This developmental stage was selected because both groups of embryos appear morphologically normal at this stage, but more than 90% of the KB embryos die within the next 24 h [2] (Fig. 1) . We reasoned that only one or two cell divisions take place between the time at which the embryos appear morphologically normal and the time at which they are grossly abnormal/dying, so that any cell death pathway is likely to be induced around the time at which we collected embryo samples. We used three replicates of each group, with 30 embryos per replicate. RNA was extracted from each embryo pool, and cRNA was amplified and hybridized as described (see Materials and Methods) to the Affymetrix MOE 430 v.2 chip, which contains 49 000 different probes corresponding to approximately 35 000 different transcripts.
Among the six arrays, percentage present call ranged from 36.87% to 40.20% corresponding to 45 101 probe sets, which is well within the acceptable range [36, 37] , and an overall presence call of 36.5% (1.9 3 10 4 of 5.2 3 10 4 probe sets). The other quality control parameters for all the samples were scale Hierarchical clustering of the replicates (Fig. 2 ) indicated that the KK replicates cluster together. It also indicated that their transcriptional profile is distinct from that of the KB replicates, which also clustered together.
Comparison of the total transcript profiles using Statistical Analysis of Microarray at a 5% false discovery rate indicated that transcripts corresponding to 83 of the probes were present at significantly higher levels in KB embryos than in KK embryos, while five transcripts were present at lower levels in KB embryos. These results are summarized in Supplemental Table 1 .
Messenger RNA Expression Analysis
To confirm differential transcript levels between the two types of embryos, we isolated RNA and quantitatively amplified the mRNA using a well-established protocol developed originally by Brady and Iscove [28] that amplifies the cDNA population, while preserving the individual sequence representation. The amplified cDNA was then analyzed by real-time PCR to compare expression of specific mRNAs. Of 11 genes tested for increased levels of mRNA in KB embryos, nine also seemed to be present at higher levels by real-time PCR (Fig. 3) . These data thus confirm differential expression for most genes assayed.
Although our results with KB morula-stage embryos should not be expected to be directly comparable to the transcriptional profiles of wild-type embryos of other inbred strain combina-
and relative expression by real-time PCR (white bars) for 11 genes estimated to be upregulated in KB embryos compared with KK embryos by transcriptional profiling (using Affymetrix MOE430 v2.0). DDK SYNDROME tions, we note that 10 of 11 genes examined by real-time PCR also seem to be overexpressed in KB morulae compared with (CF1XB6D2F 1 ) eight-cell embryos [38] . This does not seem to be the result of hybridization differences due to probe/target single-nucleotide polymorphisms or of comparisons between embryos of slightly different stages. The KK morulae showed almost expression compared with (CF1XB6D2F 1 ) eight-cell embryos at six of 11 loci and slightly lower expression at the other five loci (data not shown).
Biological Functions of Differentially Expressed mRNAs
The first 10 genes whose transcripts were identified as differentially abundant in KB embryos are ranked in Table 2 (Supplemental Table 1 lists all 83 probes with a significant P value). In ranking the genes, multiple probes corresponding to the same gene have not been included nor have probes corresponding only to unannotated or poorly annotated genes (i.e., Riken cDNAs), as we are attempting to identify the 948 pathway leading to the death of these embryos. Three of the first four genes in Table 2 are involved in the UPR. The UPR is an intracellular signaling pathway that transmits information about protein folding status in the ER to the cytoplasm and the nucleus [39] . The UPR includes transcriptional induction of a number of UPR genes, translational attenuation of global protein synthesis, and ER-associated degradation [40] . The UPR leads to apoptosis if the protein folding defect is not corrected [41] .
We also analyzed the list of genes that were differentially more abundant in KB embryos using EASE to analyze the gene ontology for overrepresentation [27] . EASE score was calculated for likelihood of overrepresentation of annotation classes, and only biological processes with an EASE score of less than 5% are given (Table 3) . Among the transcripts overrepresented in KB morulae, EASE analysis identified two GO categories with a Bonferroni-corrected EASE score of less than 0.05 (Table 3 ). These two GO categories point to abnormal metabolism of organic and carboxylic acids, which may help to explain the observed abnormality in intracellular pH [7, 8] . In addition, GO categories with significant uncorrected EASE scores include those involving amino acid biosynthesis, amino acid metabolism, and tRNA metabolism. These pathways are also expected to be disrupted if the UPR is induced, leading to disruption of protein synthesis.
The five transcripts found to be present at lower levels in KB embryos than in KK embryos do not have any GO categories in common, and we were unable to confirm that catalase (Supplemental Table 2 ), stress 70 protein chaperone, or RNA-binding motif protein 39 (not shown in Supplemental Table 2 but for which lower transcript levels were observed on the array) was present at lower levels in KB embryos. We did not pursue these genes further.
We also used Ingenuity Pathway Analysis to discover networks of genes that were expressed at higher levels in KB embryos and that may interact in the UPR pathway (Fig. 4) . With respect to the map location of the genes responsible for DDK syndrome, one of the schlafen gene family members (Slfn1) (see Discussion) is found in the network, although it is not differentially abundant between the two classes of embryos.
Examination of ER and ER Stress Response by Immunofluorescence
If KB embryos are dying as a result of inducing the UPR, one might expect abnormal amount or structure of the ER in embryos from the lethal cross. We examined KK and KB embryos by immunofluorescence using anti-KDEL antibodies specific to the ER marker HSPA5. We also performed immunofluorescence with antibodies against HERPUD1 and ATF4, both of which are involved in the UPR and show increased mRNA level in the KB embryos. Although the morphological differences between the two genotypic classes of embryos are not striking at this stage (both classes of embryos appear similar to the KB embryos in the left panel of Figure 1 (i.e., normal morulae), 90%-95% of the KB embryos die within 24 h (Fig. 1, right panel) .
On immunostaining for HSPA5, the ER in KB embryos appears more prominent and seems less regular in shape and perinuclear location than the ER in KK embryos (Figs. 5 and 6 ). Although HERPUD1 does not colocalize with the ER in either class of embryos (nor in control embryos of other genotypes [data not shown]), by comparing merge images HERPUD1 appears to be more abundant in KB embryos (total fluorescence by ImageJ software [see Materials and Methods], 114 U for KK and 141 U for KB), and ATF4 appears more intense in KB embryos (total fluorescence, 90 U for KK and 124 U for KB).
Transient ''Rescue'' of DDK Syndrome Embryos Reduces Abnormal ER Characteristics
Previous studies [7, 8] have shown that DDK syndrome embryos have a comparatively low intracellular pH of approximately 6.65 (compared with a pH of approximately 7.15 for control embryos). Artificially increasing intracellular pH by incubating the four-to 16-cell embryos in the weak base methylamine increases the rate of blastocyst formation dramatically [7] . If ER stress is associated with DDK syndrome embryo death, one might expect that treatments that increase embryo survival would also reduce abnormal ER accumulation and localization. We divided a group of KB embryos into two groups and treated one group with 10 lM methylamine for 6 h at the eight-cell stage. At the end of the treatment period, each 
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group of embryos was fixed, and the ER amount and localization were examined by immunofluorescence using the same ATF4 and KDEL antibodies used in Figure 6 . The merged images are shown in Figure 7 and indicate that the untreated embryos (first column) as a group have more abnormal localization of KDEL immunofluorescence than the treated embryos. We also quantified the KDEL fluorescence of each embryo (Fig. 8 ) using ImageJ software (see Materials and Methods). The mean fluorescence of the treated group is significantly lower than that of the untreated group (mean arbitrary fluorescence, 237.05 versus 304.35 U; P , 0.01). These results indicate that methylamine treatment of KB embryos decreases both amount and abnormal localization of ER.
DISCUSSION
We examined the global transcription profile of preimplantation embryos that are destined to die as a result of DDK syndrome to identify the biochemical pathway that leads to embryonic death. Our analysis indicates that multiple genes in the UPR are upregulated before the appearance of the morphological abnormalities that are characteristic of DDK syndrome embryos. The so-called ER stress resulting from the accumulation of improperly folded proteins is known to lead to apoptotic cell death, if uncorrected, in multiple systems [40, 41] .
Embryos that die of DDK syndrome have morphological characteristics of apoptotic death such as cell blebbing (Fig. 1,  right panel) . The morula-stage embryos we examined by transcriptional profiling appear morphologically normal and healthy (Fig. 1, left panel) , and we find little evidence of upregulation of several genes central to apoptotic pathways (Supplemental Table 3 ). However, Dap mRNA levels are approximately 3.5-fold higher in KB embryos than in KK embryos. Gozuacik et al. [42] reported that DAP kinase is a key mediator of ER stress-induced caspase activation. We did not observe increased mRNA in KB embryos over that in KK embryos for caspase 3, 7, 8, or 9 on the microarray (Supplemental Table 3 ). We detected low levels of proapoptotic caspases 3 and 7 in both groups of embryos; however, normal eight-cell and blastocyst-stage embryos also express low to moderate levels of these mRNAs in an apparent stagespecific manner [43] . It is possible that caspase activity is not regulated at the level of transcription in preimplantation embryos, as mRNA levels of caspases 3 and 7 could not be used as a reliable indicator of apoptosis in bovine blastocysts [44] . Overall, the ER accumulation and abnormal localization seen in DDK syndrome embryos (Figs. 5 and 6 ) support the transcriptional profile of DDK syndrome embryos, indicating that embryonic death is associated with a failure to resolve ER stress.
Artificially increasing the intracellular pH of eight-cell DDK syndrome embryos by incubation in the weak base methylamine resulted in a significant decrease in amount and abnormal localization of ER in treated embryos (Fig. 6) . Methylamine treatment is reported to increase intracellular pH by approximately 0.5 U and dramatically improves embryo development to the blastocyst stage [7] . The cause of the 0.5-U difference in pH between DDK syndrome and control embryos is unknown, but it is noteworthy that the two GO gene categories that remain significantly different between the two types of embryos after correction for multiple testing are the organic acid metabolism and the carboxylic acid metabolism categories (Table 3 ). In addition, many of the individual genes that appear upregulated in KB embryos are involved in the synthesis, transport, and modification of amino acids (Table 2  and Supplemental Table 1 ). Any large-scale disruption in amino acid metabolism is likely to affect cellular pH and many cellular processes, including defects in gap junctional communication [7, 8] and protein folding. It is unclear whether KB embryos might suffer from a general disruption in protein folding or whether a specific improperly folded protein accumulates and leads to the response.
The association between death of DDK syndrome embryos and induction of the UPR may result from the UPR being a default pathway that is implemented as a result of a primary defect in amino acid metabolism; alternatively, the ER stress may be caused by a primary defect in protein folding, and the resulting effects on protein synthesis may lead to disruption of amino acid metabolism. The fact that DDK syndrome is initiated at the one-cell stage [6] makes it difficult to conclude that the primary genetic or epigenetic defects affect the UPR directly. However, the identity of the paternal gene [11] as part of a gene family whose members have biochemical functions that could have such a role (see discussion herein) is suggestive. In any case, the dramatic increase in blastocyst formation after incubation in methylamine [7] or forskolin [8] and the fact that 5%-10% of KB embryos appear as morphologically normal blastocysts (and are capable of becoming viable and fertile adults [3] ) suggest that one or both of the DDK ooplasmic factor and the factor provided by the alien paternal gene are not present or required after preimplantation development.
The lethally interacting paternal gene LOC435271 [11] is a member of the schlafen gene family, of which at least two members (Slfn1 and Slfn2) cause cell cycle arrest [12, 13] . Although LOC435271 is not present as a probe on the array, it is expressed during preimplantation development (data not shown), as is Slfn1 (data not shown). The identification of LOC435271 as the lethally interacting alien paternal gene in DDK syndrome suggests that expression of this member of the schlafen family leads to cell death, although the nature of the connection between LOC435271 and the UPR pathway is unknown. In this regard, another schlafen family member, Slfn1, is linked to several UPR genes that are upregulated in KB embryos (Table 2) by Ingenuity pathway analysis (e.g., Herpud1, Ddit3, and Xbp1 [ Fig. 3] ).
LOC435271 has a divergent ''AAA domain,'' as do all of the schlafen family members. Classical AAA domain-containing proteins bind and hydrolyze guanosine triphosphate and ATP and perform diverse cellular functions that require energy, including protein folding and degradation [45] . That the expression of alien alleles of LOC435271 from the paternal genome might lead to induction of the UPR and embryonic death only in conjunction with DDK ooplasm suggests that a protein-protein interaction may be disrupted. Because models for AAA domain-containing protein function are based on associations of protein oligomers [45] , it is not unreasonable to speculate that the protein encoded by the DDK allele at this locus is incompatible with the alien version of this protein in oligomeric complexes. Under this model, the reason that (alien female 3 DDK male) embryos are viable and (DDK female 3 alien male) embryos are not is that the former may express only one allele (or no alleles) at this locus, while the latter are predicted to express both alleles during early embryogenesis. This ''dominant-negative'' mode of action speculation is a mirror image hypothesis of our original genetic model for DDK syndrome [46] , in which we proposed that a gene expressed from only the maternal allele in alien strains became expressed from only the paternal allele in DDK syndrome, resulting in the expression of neither allele in (DDK female 3 alien male) embryos. The inactivation of an oligomeric complex by incompatible subunits is a biochemically distinct but formally similar mechanism. This scenario is capable of explaining the epigenetic requirements of DDK syndrome. However, the genetic composition of extant inbred strains, with respect to whether they carry DDK female-compatible or DDK femaleincompatible alleles at the paternal gene, suggests that maternal and paternal components of DDK syndrome are encoded by different genes [11] . However, the published observations require only that the incompatible maternal and paternal factors are different mutations [11] and do not exclude the possibility that they are different mutations within the same gene. The predictions of this model are being tested.
